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Abstract
A charged impurity (such as a muon) in a metal induces a charge inhomogeneity which screens the electric ﬁeld of the
impurity and may also cause the spin ﬂuctuation spectrum near the impurity to diﬀer from that of the bulk. Doped Mott
insulators (such as the high Tc copper-oxide superconductors are believed to be) present a particularly delicate case: the
Mott correlations suppress the charge response, but also increase the sensitivity of magnetic properties to changes in the
charge density. Here we summarize the implications of recent dynamical mean ﬁeld calculations for this physics.
Systems with interesting magnetic properties may be sensitive to the presence of defects [1, 2]. The
sensitivity can occur because a defect nucleates a region of local order in a nonmagnetic material which is
near a magnetic critical point [2, 3], or because the defect changes exchange constants [4] or crystal ﬁeld
parameters [5]. This potential sensitivity can pose problems for the interpretation of muon spin rotation
experiments because the muon is in eﬀect a charged impurity. Global properties such as magnetic ordering
temperatures or superconducting penetration depths are not likely to be aﬀected by the presence of a muon,
because these are determined by averages over very long length scales, but a muon may alter the local
physics of a material in several ways. Feyerherm and co-workers found that the presence of a muon changed
the local susceptibility of PrNi5 and argued that the charge arose from a rearrangement of Pr crystal ﬁeld
levels induced by the electric ﬁeld of the muon[5]. The magnetic properties of spin chain compounds are
notoriously sensitive to local perturbations (for example end eﬀects at broken chains [6, 7]) and Chakhalian
et. al. argued that in the spin chain material dichlorobis (pyridine) copper (II) a diﬀerence between the local
susceptibility measured in muon experiments and the builk susceptibility indicated that the presence of the
muon changed the local exchange constants [4], eﬀectively “breaking” the spin chain. In metallic systems
the charge of the muon will be screened and in systems where magnetism depends sensitively on carrier
concentration the local density change implied by the screening cloud might also change the local magnetic
properties [8].
The issue seems particularly important for the high-Tc copper oxide-based superconductors, which ex-
hibit a wide range of interesting magnetic behavior depending sensitively on carrier concentration. Long
ranged spin order occurs in some regimes of carrier concentration, while outside of this range impurities
such as Zn or Ni which substitute for Cu are found to nucleate regions of local spin order [2]. Other more
exotic orbital current magnetic states have been proposed [9] and neutron scattering results consistent with
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these states have been reported [10]. However, the associated magnetic ﬁelds have not been observed in nu-
clear magnetic resonance or muon spin rotation experiments [11], raising the question whether the presence
of the muon has altered the local physics enough to suppress the putative orbital current state in the vicinity
of the muon [8] and more generally reopening the question whether the muon signiﬁcantly aﬀects the local
spin dynamics.
Addressing these issues challenges present-day condensed matter theory. Techniques such as density
functional band theory which can incorporate the required material speciﬁcity do not provide accurate de-
scriptions of the physics of correlated electron materials, while ’correlated electron’ many body techniques
have mainly been applied to model systems which lack the realism needed to address the eﬀects of an added
muon. Also, even for model systems, comprehensive solutions of the many-electron problem are not avail-
able except in certain special cases. However, the development of single-site [12] and cluster [13] dynamical
mean ﬁeld methods has drastically increased the range of questions that may be investigated. These methods
provide much more comprehensive information about the solution of the many-body problem and can be
combined with band theory or Hartree-Fock methods to provide real materials information [14] and may
even be useful in quantum chemical applications [15].
Dynamical mean ﬁeld theory is analogous to density functional theory in that it obtains information
about the solution of the full many-body problem from the solution of a simpler auxiliary problem, with pa-
rameters determined by a self-consistency condition. The auxiliary problem is a ’quantum impurity model’
(ﬁnite-size interacting cluster coupled to a noninteracting electron bath) and information about electron dy-
namics is obtained. As the size of the cluster used in the impurity model increases, the accuracy of the
approximation increases, and for an inﬁnite size cluster one recovers the exact solution of the model. Solv-
ing the impurity model is not trivial but the development of continuous-time quantum Monte-Carlo methods
[16] has vastly increased our capabilities. The one-orbital Hubbard model is now coming under theoretical
control. At relatively high temperatures (∼ 1500K if typical transition metal oxide bandwidths are used)
large enough (up to 100-site) clusters can be studied, allowing controlled extrapolation to inﬁnite cluster
size and quantitatively reliable results for the energy and entropy density of the three dimensional Hubbard
model [17] at intermediate-strong coupling. At physically relevant temperatures ∼ 200K results for the two
dimensional Hubbard model are available on a wide enough range of cluster sizes to show that the model has
a ‘pseudogap’ phase which reproduces the essential physics of the pseudogap seen in high-Tc superconduc-
tors [18]. The one-orbital Hubbard model is the most favorable case: for systems with orbital degeneracy
and more complicated interactions the single-site case is the only one which has been extensively studied so
far.
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Fig. 1. Left side: geometries considered, along with trajectory in lattice space along which densities are plotted. Right side: charge
densities induced by muon for case of muon placed symmetrically (left panel) or in CuO2plane (right panel).
Dynamical mean ﬁeld theory can be used to study spatially inhomogeneous situations (in essence, one
uses a diﬀerent impurity model for each location). The theory is not yet at the level where issues related to
muon-related chemical bonding can be studied, but the eﬀect of the charge perturbation has been addressed
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[19]. The ﬁrst question is the size and shape of the screening cloud. In a weakly correlated, high electron
density, wide-band material the size and shape of the screening cloud has an exponential proﬁle determined
by the Thomas-Fermi screening length λTF , which is given in terms of the electron charge e, background
dielectric constant , and the dependence of electronic density n on electrochemical potential μ as λ−2TF =
4πe2

dn
dμ . However in Mott-charge transfer materials, where a small number of narrow bands are important and
the dominant physics is the correlation-driven metal insulator transition dn/dμ can be signiﬁcantly (factors
 5 [19]) renormalized by interactions so estimates such as those used by [8] based on a naively calculated
λTF are unlikely to be relevant. We used single-site and four-site cluster dynamical mean ﬁeld methods,
combined with a self consistent Hartree treatment of long ranged Coulomb interactions for an electronically
two dimensional model (planes not coupled) but with the full three dimensional Coulomb interactions. The
crucial parameter in the calculation is the background dielectric constant ; we considered two cases– = 4
representative of a high-frequency dielectric constant appropriate to transition metal oxides, and  = 15
which was found to represent well the static screening in the related superlattice case [20]. The diﬀerences
between the single-site and four site calculations give some idea of the range of validity of the theoretical
results.
The right-hand panel of Fig. 1 shows the induced charge density, measured along the sequence of lattice
sites indicated by the grey arrow. for the combinations of geometry and dielectric constant shown. We see
that despite the increase in screening length implied by the strong correlations, the bulk of the induced charge
resides in the vicinity of the muons. The change in carrier concentration on the nearby sites corresponds
to changing the local doping from about 0.1 to about 0.05 (smaller change with larger dielectric constant).
Thus while the statement that the muon produces a region in which the carrier concentration locally reaches
the Mott insulating value [8] is not correct, the muon does produce an appreciable change in the local charge
density.
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Fig. 2. On-site (left two panels) and ﬁrst neighbor (right two panels) Impurity model spin-spin correlation functions calculated for
sites closest to muon using single site (left panel) and four-site (right panels) dynamical mean ﬁeld theor. Blue lines show spin
correlations calculated for sites far from muon; red line shows spin correlations calculated for sites adjacent to muon and black line
shows calculation for homogeneous bulk system with density adjusted to be equal to the density on sites near the muon.
Determining how the change in charge density aﬀect other properties such as the local spin correlations
is a tricky, because density perturbation is a scattering resonance rather than a bound state, and is of small
spatial extent. An electron which is near the muon at one instant of time will have come from farther away;
thus the spin properties will not necessarily be determined by the local charge density, but will involve
contributions from the physics of farther regions. The dynamical mean ﬁeld theory treats each point as an
impurity coupled to a bath representing the average properties of its neighborhood and therefore contains
some aspects of this physics. Unfortunately, the calculation of actual spin correlations requires computation
of a vertex function [21] which is prohibitively expensive for the situations considered here. However, we
can calculate the spin correlations of the impurity model. Impurity model quantities have the same status
as the eigenfunctions of the Kohn-Sham band-structure equations: strictly speaking they are merely tools to
obtain physically relevant results, but in many cases they provide physically reasonable information.
Representative results are shown in Fig. 2. Again by comparing single-site and 4 site calculations
we glean some indications of the uncertainties of the method. We ﬁnd that (not shown) the only spin
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correlations which are appreciably aﬀected are those on the sites nearest the muon, and that on these sites
the spin correlations diﬀer from those computed for sites far from the muon, and are relatively close to those
computed for a reference homogeneous system with charge density ﬁxed to the values near the muon.
From these calculations we conclude that at least in systems such as high Tc superconductors a muon
is not a completely ’soft’ probe: in underdoped cuprates it induces a density perturbation which is smaller
than, but on the order of, the doping. The density perturbation can change the local spin dynamics by a
measureable (∼ 10 − 49%) amount, with the size of the eﬀect determined by the background dielelectric
constant. From this point of view the issue of why muons do not observe the proposed orbital current phase
remains open. While the qualitative argument of Shekhter et. al. that the muons perturb the local physics is
supported by the DMFT calculations, the calculated density shift is such that even the region near the muon
should still be in the pseudogap phase, so one might expect the orbital current phase still to be observed,
albeit with a somewhat diﬀerent local amplitude.
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